A theoretical model for the noise properties of n ϩ nn ϩ diodes in the drift-diffusion framework is presented. In contrast with previous approaches, our model incorporates both the drift and diffusive parts of the current under inhomogeneous and hot-carrier conditions. Closed analytical expressions describing the transport and noise characteristics of submicrometer n ϩ nn ϩ diodes, in which the diode base (n part͒ and the contacts (n ϩ parts͒ are coupled in a self-consistent way, are obtained.
I. INTRODUCTION
The noise analysis of submicron semiconductor devices, in which both space-inhomogeneous and hot-carriers conditions may be involved, has recently attracted much attention. In particular, considerable efforts have been devoted to the theoretical investigation of noise in a n ϩ nn ϩ diode, which, on the one hand is the simplest example of a nonhomogeneous semiconductor device and on the other forms the basis for various devices such as field-effect transistors, switchers, photodiodes, etc. The modeling of noise in n ϩ nn ϩ diodes has been recently performed by numerical procedures: the Monte Carlo ͑MC͒ method 1,2 and the hydrodynamic ͑HD͒ approach. 3, 4 While the former is a stochastic technique, which intrinsically includes the microscopic fluctuations, the latter is a deterministic procedure calculating the noise spectral density by means of the impedance field method. 4 The HD approach is a promising tool, since it takes into account all the necessary kinetic information on almost the same grounds as the MC method but, in addition, is able to compute the local impedance and noise distributions, which are of importance to evaluate the device performance. The local quantities are usually computed in two steps. In the first step, the stationary profiles of the transport characteristics ͑the electric field, electron density, mean velocity, etc.͒ are calculated. Then, in the second step, the evolution of perturbations around the steady states located in various points of the structure are considered from which the Green function, the impedance field, and the voltage noise spectral density are computed. Within the HD approach the calculation of the evolution of perturbations is a numerical procedure.
Recently, the drift-diffusion ͑DD͒ approach has been proposed for the local noise analysis of nonhomogeneous structures. 5, 6 Although the DD model is based on the local field approximation, i.e., the kinetic coefficients ͑mobility, diffusion coefficient͒ are functions of the local electric field, the system of equations to be solved is simpler, which gives the possibility of avoiding the second step in the calculations. Indeed, in the DD framework the transport equation is reduced to a second-order differential equation with respect to the electric field. This results in the possibility of finding analytical formulas for the Green functions of the linearized operator, and once the steady-state field distribution is found, the local impedance and noise can be immediately obtained by simple integration over the steady-state quantities, without computing numerically the evolution of perturbations throughout the device. The effectiveness of this technique has been demonstrated on various nonhomogeneous structures such as n ϩ n homojunctions, 5, 6 Schottky barrier contacts, 7 and Schottky diodes. 8 The aim of this article is to apply the DD framework to the local noise analysis of submicron n ϩ nn ϩ diodes and to obtain in a closed analytical form the impedance field and the local noise characteristics. In long diodes ͑տ1m͒, the diffusive part of the current may be neglected and only the drift part is usually considered. For that case the analytical formulas for the impedance field in the diode base ͑the contacts are excluded from the consideration͒ were calculated many years ago. 9 In submicron diodes, the length of the diode base is on the order of the screening length in the material, and the space-charge near-contact layers extend over the whole sample leading to a strong inhomogeneity of the electron transport. Under these conditions, the diffusion current cannot be neglected. Taking into account both the diffusive and drift current components, we have obtained closed analytical expressions, which describe the transport and noise characteristics of the n ϩ nn ϩ diode, in which the diode base (n part͒ and the contacts (n ϩ parts͒ are coupled in a selfconsistent way. Moreover, the mobility and the diffusion coefficient are considered to be electric-field dependent, so that the hot-carrier regime is also included. The comparison between the drift-diffusion model and the Monte Carlo simulation will be taken as validating proof of the DD model.
The article is organized as follows. In Sec. II the basic equations for the description of transport and fluctuations in n ϩ nn ϩ diodes in the DD framework is described. We are interested in modeling the noise at low frequencies corresponding to the time scale much longer than the dielectric relaxation time. Therefore, the displacement current may be neglected. In the DD approximation, combining the current and Poisson equations, the electric transport in the diode is governed by the second-order differential equation for the steady electric-field profile E(x). 5, 6 We write this equation for the n and n ϩ regions as
where I is the steady-state electric current, q the electron charge, ⑀ the dielectric permittivity, A the sample crosssectional area, D(E) the diffusion coefficient, and v(E) the electron drift velocity. These equations are nonlinear, since the drift velocity v(E) and the diffusion coefficient D(E) depend on the electric field. For the n ϩ region we marked them by a tilde to distinguish them from those for the n region.
At the interfaces xϭ0 and xϭL from the continuity of the electric field and electron density we obtain the following boundary conditions:
Hereafter, we use the subindex 0 Ϫ (0 ϩ ) when a discontinuous quantity is evaluated at the contact-sample interface at xϭ0 from the left ͑right͒. The similar notations (L Ϫ and L ϩ ) are used for the point xϭL.
Finally, at the ends of the diode the quasineutrality conditions impose
The contact lengths d are chosen to be large enough, i.e., much larger than the Debye screening length
1/2 to guarantee the quasineutrality conditions.
It should be emphasized that the continuity of both the electric field and electron density at the interfaces ͓Eqs. ͑2͔͒ cannot be fulfilled simultaneously if the diffusion current is not taken into account and only the drift component of the current is considered. For the latter case the transport equation is of the first order, and once the electric field is assumed to be continuous, the electron density must have a jump at the interface to fulfill the continuity of the current, which is unphysical. So, if the diffusion current is neglected, it is impossible to couple self-consistently the diode base with the contacts.
B. Fluctuations
The noise properties of the diode may be analyzed by calculating the fluctuations of the electric field along the structure. We assume from the current-driven operation condition, under which the diode is placed in a high-impedance external circuit that the current is maintained constant and the voltage fluctuations are computed. In the Langevin approach, the fluctuations of the electric field ␦E x at a slice x satisfy the linearized version of Eqs. ͑1͒ with a noise source term for the current ␦I x . 5, 6 Consider the n region, 0ϽxϽL. By linearizing Eq. ͑1a͒, one gets a linear nonhomogeneous equation for the electric-
with the operator L given by
͑5͒
Note that L is a second-order differential operator, in contrast to the previous simpler studies, 9, 10 where it was of the first order, since the diffusion has not been included. Here, ␦I x represents the stochastic current. When the noise is due mainly to velocity fluctuations of carriers ͑diffusion noise͒ and spatial correlations are neglected, it has zero mean and
with ⌬ f being the frequency bandwidth. For the n ϩ parts of the diode, one may write the similar transport equation for the fluctuations L ␦Ẽ x ϭϪ␦ Ĩ x /(⑀A), with the operator L given by the formula similar to Eq. ͑5͒ ͑marking the corresponding quantities by a tilde and changing the doping concentration N D Ϫ to N D ϩ ). The boundary conditions for the fluctuations at the n ϩ n interfaces follow from those for the steady state given by Eq. ͑2͒ and the continuity conditions for the fluctuating electric field and electron density
At the diode ends, we suppose ␦E Ϫd ϭ␦E Lϩd ϭ0,
͑8͒
since the contribution to the noise from distances much larger than the Debye length is screened out. Equations ͑4͒-͑8͒ constitute a complete set of equations to analyze the noise properties of an n ϩ nn ϩ diode in the DD framework.
III. STEADY-STATE SPATIAL PROFILES AND I-V PLOTS
To analyze the local and global noise properties of a diode we must first find the stationary spatial profiles. To this purpose, we solve numerically Eqs. ͑1͒ with the boundary conditions ͑2͒ and ͑3͒ by making use of a finite difference scheme. For the field-dependent mobility and diffusion coefficient D we use the analytical approximations
where E c ϭv s / 0 is the critical field determined by the saturation drift velocity v s , 0 is the low-field mobility, and ␤ is a dimensionless parameter chosen to give the best possible fit over the entire field range. Below we shall use the following analytical approximations giving a good fit for the data obtained from the MC simulations for n-Si: where the lattice temperature T is in K, the saturation velocity is in cm/s, and the mobility is in cm The stationary electric-field profiles E(x) obtained from the DD model, Eqs. ͑1͒-͑3͒, with the field-dependent coefficients Eq. ͑9͒, are shown in Fig. 2͑a͒ for different applied voltage biases V. Since the current I is the input parameter in our model, and the bias Vϭ͐ Ϫd Lϩd E(x)dx is the result, in order to make a comparison with the MC simulations, in which the bias is the input parameter, we make iterations by changing the current until the desired bias V is achieved. The results are seen to be reasonably close to those obtained from the MC simulations. 15 The electron density n(x) found from the field profiles is also in a good agreement ͓Fig. 2͑b͔͒. It is seen that the charge is redistributed near the interfaces to equilibrate the Fermi levels of the regions with different doping, forming dipole layers with a positive charge at the n ϩ side, and a negative charge at the n side ͓Fig. 2͑b͔͒. The dipoles produce two spikes of the electric field at the contacts ͓Fig. 2͑a͔͒, which extend over several Debye lengths L D ϩ into the n ϩ regions and several L D Ϫ into the n region. These spikes produce a voltage drop ͑built-in voltage͒ between the contacts and the diode base, which gives rise to the formation of the potential minimum when the bias is applied ͓see Fig. 2͑c͒ for the potential profile (x)ϭ͐ 0 x E(xЈ)dxЈ]. A comparison of the I-V characteristics for the structures of different lengths L is shown in Fig. 3 . At low biases the I-V curves are linear for any L. At high biases the characteristics become sublinear due to the hot-electrons effect. This effect is pronounced for long diodes (Lϭ1.6 m͒, whereas for submicrometer diodes the deviation from the linear dependence is not large in the range of voltages investigated. The results for Lϭ0.2 m are in excellent agreement with the MC simulations. 15 We have also studied how the spatial profiles are changed when the diode length L is scaled down, while the length of the contacts d is fixed. The results for the same current density Jϭ2ϫ10 4 A/cm 2 are shown in Fig. 4 . It is clearly seen from Fig. 4͑a͒ , where the electric-field distributions are plotted, why the hot-electron effects are not pronounced in submicrometer diodes. The spillover effect is also important for short diodes ͓see Fig. 4͑b͔͒ .
IV. IMPEDANCE AND NOISE
To characterize the noise properties of an n ϩ nn ϩ diode, we have to solve a second-order stochastic differential Equation ͑4͒ with the differential operator Eq. ͑5͒ containing space dependent coefficients ͓this space dependence comes through the space dependence of the electric field E(x)͔. The general scheme to solve this equation analytically has been outlined in Ref. 6 . We write the solution for the n part of the diode in the form
where (x)ϭdE/dx and u(x)ϭ(x)͐ C x W(xЈ)/ 2 (xЈ)dxЈ are the solutions of the homogeneous equation corresponding to Eq. ͑4͒, and W(x)ϭ(x)uЈ(x)Ϫu(x)Ј(x) is the Wronskian. The similar solutions may be written for the contacts, with the functions ṽ , D , W , and ũ marked by a tilde. Then, the integration constants can be determined from the boundary conditions, Eqs. ͑7͒ and ͑8͒, at the interfaces and at the ends of the diode. The solution for each part of the diode becomes
where
D ͓E()͔d͖ with C ϭ0, for ϪdϽxϽ0, and C ϭL for LϽx ϽLϩd, and we have imposed ũ (0
͑the boundary conditions for the auxiliary functions u and ũ do not affect the results 6 ͒. Thus, we have three unknowns:
␦E 0 , ␦E L , and ␥, and in order to find them we use three conditions: Eqs. ͑7b͒, ͑7c͒, and ͑7d͒. We find
where we have denoted
In the last equations n 0 and n L are the steady-state electron densities at the interfaces. It is seen from Eqs. ͑12͒, that the fluctuating field in our approach is globally coupled throughout the diode and the correlation effects between the diode base (n region͒ and the contacts (n ϩ regions͒ are included. Apart from allowing us to derive explicit expressions for the impedance field and voltage fluctuations ͑see below͒, Eqs. ͑12͒ may be used to evaluate the spatial correlations of the electric-field fluctuations ͗␦E x ␦E x Ј ͘ between two different points, between the sample and the contact, between the contacts, etc., under nonhomogeneous transport conditions. These correlations are active over the characteristic screening length of the system. 5 The fluctuation of the terminal voltage is found as the sum of the voltage fluctuations on the connected in series regions ͑see Fig. 1͒ ␦Vϭ␦V n 1 ϩϩ ␦V n ϩ␦V n 2
Substituting the expressions for the electric-field fluctuations and changing the order of integration, we get
where FIG. 4. Stationary profiles for electric field E(x) ͑a͒ and electron density n(x) ͑b͒ for n ϩ nn ϩ diodes of different lengths L for the same current density Jϭ2ϫ10 4 A/cm 2 .
are the bulk impedance fields corresponding to each ''decoupled'' region, and the characteristic length constants are determined by
The parameter
has a meaning of the characteristic ''coupling'' electric field. It appears due to the long-range Coulomb interaction on the length L of the diode base that is comparable with the screening length. As long as LӷL D Ϫ , E ⌬ →0, and the two n ϩ n junctions may be viewed as decoupled.
Combining in Eq. ͑13͒ the terms corresponding to the noise sources located in the same region, we obtain the impedance field of the n ϩ nn ϩ diode as
Having found ٌZ diode (x), one can obtain the spectral density of the voltage fluctuations on the diode as
Thus, the spectral density of the voltage fluctuations is completely expressed through the steady-state quantities, provided the noise sources K(x) are known. Note that the obtained formulas Eqs. that the fluctuations of the total number of carriers in different parts of the diode are:
ϩϭ 0 in accordance with a conservation of the total number of particles and the total charge.
The spatial profiles for the impedance field ٌZ(x) and the local voltage noise s V (x) for different biases V obtained from the steady-state distributions of Fig. 2 are shown in Fig. 5 . At high biases the distributions become asymmetrical with the maximum displaced toward the injecting contact for both the impedance field and noise. At the receiving contact the noise is lower, but it penetrates much deeper inside the contact in comparison with the same effect for the injecting contact. As the device length is scaled down, the magnitude of the local impedance and noise decreases, while the spatial profiles become more symmetrical, which is seen from Fig. 6 .
The total impedance Z and the voltage terminal noise S V are found by integrating the corresponding spatial profiles along the device. The relative contributions of different parts of the diode ͑the diode base n and the contacts n ϩ ) are shown in Figs. 7 and 8 for different diode lengths L and different current densities JϭI/A. For all the contributions the behavior is similar: they are constant at low currents ͑biases͒ and increasing functions at high currents. The relative contribution however differs for long and short diodes. For the 1.6 m diode the noise and the impedance of the diode base dominate and the contribution of the contacts is negligible, whereas for submicrometer diodes the contribution from the contacts becomes appreciable. For the 0.2 m diode this is seen for low and moderate currents, while for the 0.05 m diode the contact contributions even dominate in almost the entire current range. The latter is due to the fact that the contacts ͑0.2 m͒ are longer than the diode base ͑0.05 m͒.
The noise temperature T n , estimated from 4k B T n ϭS V /Z, is shown in Fig. 9 . It is seen that, as the diode length is scaled down, the noise temperature maintains its equilibrium value to much higher currents, which is of importance from the point of view of applications.
V. SUMMARY
In this work we have presented the analytical procedure to compute the local impedance and noise distributions in submicrometer n ϩ nn ϩ diodes, which are characterized by highly inhomogeneous electron transport conditions, for which both the drift and diffusive current components are relevant. 
